The aryl hydrocarbon receptor (AHR) is a cytosolic receptor which upon activation by its agonists, translocates into the nucleus and forms a dimer with ARNT (aryl hydrocarbon nuclear translocator). The AHR/ARNT dimer regulates the expression of its target genes by binding to DNA recognition elements termed dioxin responsive elements (DREs). Many AHR agonists, like the polyaromatic hydrocarbons and polyhalogenated hydrocarbons are known human carcinogens. Human exposure to these compounds is common due to their presence in air pollution and cigarette smoke. Interestingly, many dietary constituents that have chemo preventative properties have been found to also act as antagonists of the AHR pathway. Thus, a chemopreventive approach that may be effective in decreasing the incidences of many human cancers may involve a dietary regimen that includes a number of these naturally occurring AHR antagonists. With this idea in mind, we have assayed the ability of 15 flavonoids to inhibit AHR activated reporter activity and selected kaempferol for further analysis. Kaempferol proved to be capable of inhibiting binding of agonist and agonist-induced formation of the AHR/ARNT DNAbinding complex and upregulation of the AHR target gene, CYP1A1. Using an in vitro paradigm of events that are thought to occur during cigarette-smoke-induced lung cancer, we found that kaempferol also inhibited the ability of cigarette smoke condensate to induce growth of immo
Introduction
The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor belonging to the basic helix-loop-helix (bHLH)-PAS family (1, 2) . Prior to ligand-binding, the AHR resides primarily in the cytoplasm as part of a multi protein complex consisting of two molecules of chaperone protein hsp90 (90 kDa heat shock protein), an X-associated protein2 (XAP2) and a 23 kDa co-chaperone protein, p23. The ligandbound AHR undergoes a series of transformation processes, leading to the exposure of a nuclear-localization signal present in the N-terminal bHLH domain and translocation of the protein complex into the nucleus. Once in the nucleus, the AHR interacts with its dimerization partner, aryl hydrocarbon nuclear translocator (ARNT), also known as hypoxia inducible factor b. The formation of the AHR/ARNT dimerization complex converts the AHR into a high affinity DNA-binding form that recognizes specific DNA recognition sites termed DREs. In this manner, the agonist activated AHR upregulates a battery of target genes, including those involved in the metabolism of chemical carcinogens, such as CYP1A1 and CYP1B1.
Most of the studies addressing the effects of AHR agonists have been performed using 2,3,7,8 tetrachlorodibenzo-pdioxin (TCDD), as the prototypical agonist, as it binds the AHR with high affinity and specificity (2) . However, additional agonists that have been identified include other xenobiotics, such as the polyhalogenated and polychlorinated aromatic hydrocarbons that are ubiquitous environmental contaminants and those postulated to act as its endogenous agonists, such as 2-(1 0 H-indole-3 0 carbonyl)-thiazole-4-carboxylic acid methyl ester (3) . Many of the polyhalogenated and polychlorinated aromatic hydrocarbons that act as AHR agonists are classified as human carcinogens that are constituents of air pollution and cigarette smoke and thus are frequently encountered by a significant segment of the human population (4). In fact, it is their presence in cigarette smoke that is thought to make a major contribution to the events that occur in the development of cigarette-smoke-induced cancers associated with the oral cavity, esophagus and lung (5) . With respect to lung cancer alone, exposure to cigarette smoke has been postulated to account for 90% of lung cancer cases and $1.2 million deaths a year (6) .
The carcinogenic actions of many polyaromatic hydrocarbons (PAHs) require the AHR. For example, using the mouse skin carcinogenesis model, it has been shown that mice that lack the expression of the AHR (AHR À/À ) have a significantly lower tumor burden than the wild-type mice following exposure to either benzo[a]pyrene (7) or dibenzo[a,l]pyrene (8) . Similar results have been obtained using cigarette smoke condensate (CSC) as the initiating agent. For example, using the formation of micronucleated erythrocytes as an indicator of cigarette-smoke-induced genotoxicity, it was found that the frequency of micronucleated erythrocytes induced by CSC was significantly higher in the AHR +/+ versus the AHR À/À mice (9). Since the AHR plays an important role in mediating the carcinogenic properties of many constituents of cigarette smoke, it is plausible that an appropriate antagonist(s) that inhibits the AHR pathway could serve as a chemoprotective agent that would attenuate the rates of cigarette-smokeinduced lung cancer. Of the few AHR antagonists currently available, the most potent, MNF (3 0 -methoxy-4 0 -nitroflavone) (10, 11) , has recently been discovered to act as a weak agonist that is capable of inducing the classic AHR target gene, CYP1A1 (12) . However, other flavonoids have also been reported to act as antagonists of the AHR pathway (2, (13) (14) (15) (16) (17) (18) (19) (20) and have also been shown to exhibit a number of beneficial properties including inhibition of the progression of cancer (21) (22) (23) (24) , cardiovascular diseases (25, 26) and neurodegenerative disorders (27, 28) . These activities have been attributed to their ability to act as potent anti-oxidants (29) , COX inhibitors (30) and anti-inflammatory agents (31), inhibitors of mitogen signaling (32) and cell-cycle progression (33) and inducers of apoptosis (34) . The extent to which their interaction with the AHR contributes to these beneficial effects of flavonoids is poorly understood.
In this study, we have tested the hypothesis that antagonizing the AHR pathway using naturally occurring compounds can be of value in preventing the adverse effects associated with AHR agonists, in particular, those found in cigarette smoke. Towards this end, we report that kaempferol not only blocks the agonistic effect of TCDD and CSC on the AHRsignaling pathway but also reduces the number of cells transformed by CSC.
Materials and methods

Materials
Benzo(a)pyrene was a generous gift from Dr. Kenneth Ramos (University of Louisville, KY) TCDD and MNF (3 0 -methoxy-4 0 -nitroflavone) were gifts from Dr Stephen H. Safe (Texas A&M University, College Station, TX) and Dr Thomas A. Gaseiwicz (University of Rochester, Rochester, NY) respectively. CSC was generated as previously described (35) . Unless otherwise mentioned, all chemicals were purchased from Sigma or Aldrich. 
Cell culture
Human hepatoma (HepG2) cells that were stably transfected with the CYP1A1 promoter upstream of the luciferase reporter gene (HepG2-p450luc) (36) and Hepa-1c1c7 cells were maintained in Dulbecco's Modified Eagle's Media (DMEM) with glucose and glutamine (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen Life Technologies, Carlsbad, CA) at 37 C and 5% CO 2 . BEAS-2B cells were a gift from Dr Chendil and were maintained in BEGM Ò -Bronchial Epithelial Medium (Cambrex Bio Science Rockland, ME) at 37 C and 5% CO 2 . The impact of flavonoid treatment on cell number was determined using the MTT assay (ATCC).
Luciferase assays
The HepG2-Luc cells were cultured in 96-well assay plates and pretreated with either DMSO alone or with the compounds at the indicated concentrations for 1 h. Subsequently, the cells were treated with TCDD (1 nM) for 4 h. The cells were then harvested and the CYP1A1 promoter activity was determined as a measure of luciferin generated using the Luciferase Assay System kit from Promega according to the manufacturer's protocol using TR 717 Microplate Luminometer from Applied Biosystem (Foster City, CA).
Electrophoretic mobility shift assays (EMSA)
The impact of kaempferol on the AHR/ARNT DNA-binding complex formed in cultured cells was determined by treating HepG2 cells with kaempferol for 1 h prior to the administration of either DMSO (0.01%) or TCDD (1 nM). After 1 h incubation, the cells were harvested and nuclear extracts were prepared using the Nucbuster protein extraction kit from Novagen (Madison, Wis.). Aliquots of the extracts (12 mg) were incubated with salmon sperm DNA (1 mg) and KCL (0.1 M final concentration) at room temperature for 15 min. The samples were then incubated for 15 min at room temperature with the radiolabeled ( 32 P) consensus DRE sequences (underlined) (5 0 -TCGAGC TGGGGGCATTGCGTGACATTAC and 3 0 -TCGAGGTATGTCACGC AAT-GCC CCCAGC as previously described (37) . In some cases, a 50-fold molar excess of either the consensus DRE (conDRE) or mutated DRE (mtDRE) (37) was added 15 min prior to the addition of the probe. For supershift analysis, the samples were incubated with 2 mg of mouse anti-AHR (Santa Cruz) or antirabbit IgG. After a 15 min incubation, samples were separated using 4% acrylamide non-denaturing gel electrophoresis and 0.5· TBE (45 mM Tris base, 45 mM boric acid and 1 nM EDTA, pH 8.0) as running buffer. In vitro formation of the DNA-binding complexes of the AHR and ARNT proteins was performed following in vitro synthesis using pmuAhR and phuARNT plasmids (36, 38) and the TNT Coupled Reticulocyte Lysate System from Promega according to the manufacturer's protocol. Aliquots of the AHR and ARNT containing mixtures (2.5 ml) were then incubated with MENG buffer (25 mM MOPS, 1 mM EDTA, 3.8 mM NaN 3 and 10% glycerol, pH 7.5) for 2 h at 30 C in the presence or absence of the indicated ligands. The samples were then subjected to EMSA as described above.
Ligand-binding assays
Ligand-binding assays were performed using cytosolic protein extracts from Hepa1c1c7 cells as described previously (39) . Briefly, the Hepa1c1c7 cells were harvested and the protein was extracted by resuspending the cell pellet in HEDG buffer (25 mM HEPES, 1 mM EDTA, 1 mM DTT and 10% (v/v) glycerol, pH 7.5) containing 0.4 mM leupeptin, 4 mg/ml aprotinin and 0.3 mM PMSF. The samples were then homogenized and centrifuged at 10 000 r.p.m. for 10 min. Protein concentrations in the supernatant were quantitated using BCA protein assay reagents (Pierce, Rockford, IL). Aliquots of protein (200 mg) were then incubated at room temperature for 2 h with 3 nM of [ Western blot analysis BEAS-2B cells (human bronchial epithelial cells) were pre-treated with kaempferol for 4 h followed by the addition of either TCDD (1 nM) or CSC (25 mg). A 4-h pretreatment with kaempferol was used for these experiments to ensure that sufficient inhibition of CYP1A1 induction would be observed. After a 68-h incubation, the cells were harvested and the total cellular extracts were prepared using F buffer (10 mM Tris, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 5 mM ZnCl 2 , 0.1 mM Na 3 VO 4 , 1% Triton X-100, 1 mM PMSF, 5 U/ml a 2 -macroglobulin, 2.5 U/ml pepstatin A, 2.5 U/ml leupeptin, 150 mM benzamidine and 2.8 mg/ml aprotinin; pH 7.05). The protein concentrations were estimated using BCA analysis. Aliquots of cellular extracts ($100 mg) were separated by sodium dodecyl sulfate gel electrophoresis and the proteins were transferred to nitrocellulose. After a brief incubation in blocking buffer, the blots were probed using antibodies that recognized AHR (Abcam, Cambridge MA), CYP1A1 (Santa Cruz Biotechnology, Santa Cruz CA) and b-actin (Sigma, St Louis, MO).
Cell transformation assays
The BEAS-2B cells were pre-treated with kaempferol (1 · 10 À5 M) for 4 h followed by the addition of either CSC (25 mg/ml) (35) or benzo[a]pyrene (100 nM) (40). After 68 h, the cells were harvested and counted using a hemocytometer. For the soft agar assays, a 0.8% of soft agar base layer followed by 0.4% top agar layer containing the cells was applied to 6-well plates. Cell culture media on top of the 0.4% top agar layer was changed twice every week. After 3 (CSC-treated) or 7 weeks (benzo[a]pyrenetreated), the colonies formed were stained using 0.005% crystal violet stain, visualized using reverse phase contrast microscopy and quantitated.
Statistical analysis
The data was analyzed, where indicated, using one-way ANOVA followed by either Tukey's or Dunnett's multiple comparison tests (Graph Pad Prism 3.0). 
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Results
Select flavonoids inhibit TCDD-induced CYP1A1 promoter activity An increasing body of literature supports the idea that naturally occurring plant components may be effective antagonists of the AHR-signaling pathway (13, (15) (16) (17) (18) (19) (20) 41) . Based on these previous studies and their structural similarities with known AHR ligands, we chose 15 flavonoids for our analyses. As a first step we compared their relative biological potencies with respect to their AHR antagonistic properties by performing a screen that utilized a stable human hepatoma cell line (HepG2-p450luc) that contains the luciferase reporter gene regulated by the CYP1A1 promoter (36) . In these assays, we included the previously characterized AHR antagonist, MNF (10, 42) to serve as a positive control that would inhibit TCDD-induced luciferase activity. As shown in Figure 1A , administration of luteolin, morin, naringenin, hesperitin, or PD98059 alone, or in combination with TCDD revealed that these compounds did not significantly inhibit TCDD-induction of CYP1A1 promoter activity. Further screening identified curcumin, resveratrol ( Figure 1B) , apigenin, chrysin, kaempferol, emodin and piperine ( Figure 1C ) as more promising AHR antagonists as they appeared to be effective in inhibiting TCDD-induced gene transcription. However, at high concentrations (i.e., 1 · 10 À5 M) some, in particular, emodin and piperine also inhibited basal (DMSO-treated) activity which may be indicative of either inhibition of endogenous activity or non-specific cytoxicity. Further, while apigenin significantly inhibited the actions of TCDD in this assay (at a concentration of 1 · 10 À5 M), its increasing agonistic activity observed as its concentration decreased indicated that this compound may be capable of exerting mixed AHR agonist/ antagonist actions. To evaluate the possible cytotoxic actions of apigenin, kaempferol and emodin, we utilized the MTT assay and quantitated cell numbers. While treatment with either apigenin or kaempferol appeared to increase the cell number, with that of emodin significantly decreased the cell number ( Figure 1D ). Given these results, emodin was excluded from further analyses.
In summary, these analyses revealed that of the flavonoids tested, kaempferol appears to be the most promising AHR antagonist based on (i) its lack of a dose-responsive agonist activity, (ii) its lack of overt cytotoxic actions, and (iii) its ability to inhibit TCDD-induction of CYP1A1 promoter activity in a dose-responsive manner.
Inhibition of in vitro formation of the AHR/ARNT DNAbinding complex by kaempferol Our next goal was to determine whether kaempferol was also capable of inhibiting in vitro formation of the AHR/ARNT/ DNA-binding complex. Towards this end, in vitro synthesized AHR and ARNT proteins were incubated with the AHR agonist, BNF, in the absence or presence of kaempferol and formation of the AHR/ARNT DNA-binding complex was evaluated using EMSA. For these experiments, we used AHR encoded by the mouse AHR bÀ1 allele (rather than the human AHR) given that this form of the AHR is highly responsive to in vitro formation of the AHR/ARNT complex. As reported previously (37) , incubation with BNF induced the formation of the AHR/ARNT DNA-binding complex (Figure 2A,  lanes 1 and 2) . Our choice of BNF, rather than TCDD for use in these experiments was based on our unpublished findings that, in these in vitro conditions BNF is more effective than TCDD in inducing formation of the AHR/ARNT DNAbinding complex. Treatment with kaempferol alone did not significantly induce formation of the AHR/ARNT/DNAbinding complex (Figure 2A, lanes 3-5 and B) . However, kaempferol inhibited the ability of BNF to induce formation of the AHR/ARNT DNA-binding complex at all concentrations tested (Figure 2A, lanes 6-8 and B) .
Inhibition of agonist-induced formation of the AHR/ARNT/ DNA-binding complex by kaempferol in cultured cells To further characterize the impact of kaempferol on agonist induction of the AHR-signaling pathway in a human cell line, we questioned whether these flavonoids would be effective in inhibiting the ability of an AHR agonist to activate formation of the AHR/ARNT DNA-binding complex in intact cells derived from a human source. Towards this end, HepG2 cells were treated with kaempferol prior to the addition of TCDD, nuclear extracts were prepared and formation of the AHR/ ARNT/DNA complex was evaluated again using EMSA. A 1-h pretreatment with kaempferol was performed based on our previous observations that nuclear localization of the AHR initiated by many ligands is typically maximal following a 1-h incubation. As shown in Figure 2C , TCDD treatment induced formation of a specific DNA-binding complex (lanes 1 and 2) . The presence of the AHR in this complex was confirmed by the ability of the AHR ( Figure 2C 
Kaempferol interacts with the AHR ligand-binding site
In a final characterization of kaempferol as an AHR antagonist, we examined its ability to compete with TCDD for binding to the AHR. For these assays, we used extracts from the Hepa1c1c7 cell line as the stability of the AHR and its expression levels are relatively high in this cell line (43) . As shown in Figure 3 , increasing concentrations of kaempferol were effective in competing with the tritiated TCDD ( À6 , 1 · 10 À7 or 1 · 10 À8 M) for 1 h. MNF was used at a concentration of 1 · 10 À5 M. Following the addition of TCDD (1 nM) the cells were incubated for an additional 4 h, harvested and luciferase activities were determined. The entire data set was normalized relative to the DMSO control and was analyzed using one-way ANOVA followed by Tukey's multiple comparison test. The averages ± SD of three independent experiments are depicted. Ã and ÃÃ represent groups that are statistically different from those treated with TCDD alone. (D) Impact of apigenin, kaempferol and emodin on cell number. HepG2 cells were incubated with the indicated compounds. After either 4 or 8 h, the cells were harvested and cell numbers were determined using the MTT assay.
Impact of kaempferol on CSC-induced CYP1A1 promoter activity Upon establishing that kaempferol is capable of acting as an AHR antagonist that inhibits AHR agonist-induced gene transcription and interacts with the AHR ligand-binding site, we then focused our efforts towards determining whether these AHR inhibiting properties could translate into chemopreventive activities. To investigate this, we chose to determine the impact of kaempferol on CSC-induced activation of the AHR-signaling pathway and transformation of lung epithelial cells based on the evidence that a number of AHR agonists are present in cigarette smoke and that cigarette smoking is associated with the development of human lung cancers.
Our first goal was to establish the appropriate dose of CSC that would be similar to 1 nM of TCDD with respect to its activation of the AHR pathway by again analyzing CYP1A1 reporter activity. As shown in Figure 4A , increasing concentrations of CSC yielded a corresponding increase in CYP1A1 reporter activity. An approximate equipotent dose of CSC that corresponded to that of TCDD used in the previous analyses (i.e. 1 nM, Figure 1 ) proved to be 25 mg/ml. Similar to that observed in Figure 1 using TCDD as the AHR agonist, co-treatment with kaempferol (1 · 10 À5 M) inhibited CSCinduced CYP1A1 promoter activity by $50% (Figure 4B ).
To verify that CSC activated the AHR-signaling pathway in a manner that was inhibited by kaempferol in human lung epithelial cells, we analyzed their impact on AHR and CYP1A1 protein expression in the BEAS-2B cell line, a cell line previously used to recapitulate some of the events associated with the progression of human lung cancers (44, 45) . As shown in Figure 5 , treatment with either TCDD or CSC resulted in a decrease in AHR protein levels and a corresponding increase in CYP1A1 protein levels, actions that would be predicted for an AHR agonist (3). In addition, treatment with kaempferol failed to alter CYP1A1 protein levels, again indicating that kaempferol does not exhibit significant AHR agonist activity. Further, pretreatment of kaempferol with CSC proved to be effective in blocking the ability of TCDD and CSC to induce CYP1A1 protein expression.
Impact of kaempferol on CSC-induced cell transformation
We then questioned whether treatment with kaempferol would prove to be effective in blocking CSC-induced growth C. The samples were then subjected to EMSA analysis using the 32 P-labeled DRE as the radiolabeled probe as described in Materials and methods. Lanes 9 and 10, the samples were incubated with a 50-fold molar excess of either the unlabeled conDRE or mutDRE (37) . (B) Quantitation of the gel shift analyses. The AHR/ARNT/DNA-binding complexes formed, depicted in (A), were quantitated by phosphoimager analyses and are expressed relative to the BNF-treated samples. The data depicts averages of two independent experiments ± SE. (C) Kaempferol inhibits formation of the AHR/ARNT DNA-binding complexes in cultured cells. HepG2 cells were pretreated with kaempferol (1 · 10 À5 M; lanes 5 and 6). After 1 h, either DMSO (0.01%, lanes 1, 5-7) or TCDD (1 nM, lanes 2-4 and 6) was added and the cells were incubated for an additional 1 h. The cells were then harvested, nuclear extracts isolated and EMSAs performed using the 32 P-labeled DRE as the radiolabeled probe. For the supershift analysis, the EMSA reactions were incubated with either the AHR (lane 3) or non-specific antibodies (lane 4).
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Kaempferol inhibits AHR-signaling pathway in soft agar. As shown in Figure 6 (A and B) , treatment of the BEAS-2B cells with 25 mg/ml CSC for 72 h resulted in a significant increase in the number of colonies detected in this assay relative to the DMSO control (i.e. a 3.6 fold increase). Co-treatment of kaempferol with CSC significantly inhibited the ability of CSC to induce colony formation.
Finally, we questioned whether kaempferol could inhibit colony formation induced by a well characterized AHR agonist that is also a constituent of CSC, benzo[a]pyrene. Based on a previous analysis of benzo [a] pyrene-induced colony formation using BEAS-2B cells (40), we used a concentration of 100 nM benzo[a]pyrene. As shown in Figure 6C , this treatment resulted in a small increase in colony formation that although decreased, was not significantly altered by kaempferol.
Discussion
In this report, we have compared the properties of several flavonoids with respect to their ability to block both agonist interactions with the ligand-binding site of the AHR, and agonist-induction of the AHR-signaling pathway and in the case of those present in CSC, agonist induction of cell transformation. From molecular and pharmacological perspectives, kaempferol appeared to be the most effective AHR antagonist and was capable of inhibiting CSC induction of cell growth in soft agar. Our analysis of kaempferol is similar to that reported previously in MCF7 cells where it was shown to be an effective AHR antagonist, but failed to demonstrate agonistic activities (14) . Taken together, these data indicate that use of kaempferol to inhibit the AHR pathway at the initial stages of chemical-induced carcinogenesis (i.e. transformation) may prove to be an effective chemopreventive strategy.
Development of the best AHR antagonist currently available, MNF (10,42), represented a major step forward in the AHR field as it generated a pharmacological tool with which to probe the specific actions of the AHR. In addition, it has also been used to demonstrate the promise associated with using the AHR as a target for effective chemopreventive approaches. For example, in vivo treatment of mice with MNF has been shown to inhibit the genotoxicity induced by benzo[a]pyrene and completely block that induced by CSC (46) . Similarly, use of another AHR antagonist, resveratrol, that naturally occurs in red wine, has been shown to inhibit benzo[a]pyrene-induced genotoxicity in vivo (47) . However, a problem associated with use of these AHR antagonists is either lack of specificity (i.e. resveratrol is also a potent ER agonist (48)) or their actions as partial agonists [i.e. MNF (12) ]. Previous studies have shown that kaempferol exhibits a number of activities that likely contribute to its putative chemopreventive properties including its inhibition of cell growth (49) , induction of apoptosis (49) (50) (51) (52) , inhibition of proteosome activity (51) and activation of the ERK (50) and MEK-MAPK-signaling pathways (49) . Thus, it remains to be determined whether use of kaempferol will be limited due to its AHR-independent actions that oppose, rather than potentiate the beneficial properties associated with its AHR antagonistic activities.
Our initial attempts to determine the extent to which kaempferol's chemopreventive properties are mediated by the AHR are shown in Figure 6 . Here, the data indicates that while kaempferol can inhibit colony formation induced promoter activity by kaempferol. The HepG2-p450luc cells were pretreated with kaempferol (1 · 10 À5 M) for 1 h. Either DMSO (0.01%), TCDD (1 nM) or CSC (25 mg/ml) was added and the cells were cultured for an additional 4 h. The cells were then harvested and luciferase activities were determined. The data are representative of three independent experiments and are averages ± SD. The data were analyzed by one-way ANOVA followed by Dunnett's multiple comparison test. Ã , Significantly different from the CSC-treated group at P < 0.05. by CSC that contains a plethora of chemical carcinogens ( Figure 6A and B) , it failed to inhibit colony formation induced by the AHR agonist and procarcinogen, benzo[a]-pyrene ( Figure 6C) . However, these data should be interpreted with caution as in the conditions used in this study, the ability of benzo[a]pyrene to induce colony formation was relatively modest ( Figure 6C ) and as such, may have lacked sufficient sensitivity. Future studies will focus on this important question using a number of known AHR agonists and cells that vary in their expression levels of the AHR.
The ability of flavonoids to act as either AHR agonists or antagonists as reported in the current study is consistent with that previously reported (2, 41) . For example, apigenin appears to act as a partial agonist as it induces CYP1A1 promoter activity ( Figure 1C ) and CYP1A1 enzyme activity (33) at relatively low concentrations, but at higher concentrations (i.e. at least 10 mM), it exhibits antagonistic activities. In contrast, kaempferol and emodin exhibit little agonistic activities, but act primarily as relatively potent AHR antagonists. In studies using cell lines derived from breast and liver cancers it has previously been suggested that the antagonistic activities of flavonoids such as kaempferol, quercetin and myricetin may be cell-type-specific with these activities dependent on the relative expression levels of ERa and ERb (41) . In fact, apigenin and to a lesser extent, kaempferol have been shown to selectively activate ERb (as compared with ERa) (53) . Further, the observations that (i) both ERa and ERb are expressed in BEAS-2B cells (54) , (ii) TCDD increases mRNA expression levels of ERb (55) and (iii) ERa interacts with the AHR (56) and appears to act as an AHR co-activator (57) implies that the actions of at least some of these flavonoids (i.e. apigenin and kaempferol) may involve cross-talk between the AHR and ER.
Examination of the structure activity relationships between the different flavonoid compounds and antagonistic activities are consistent with previous observations (11) that indicate the importance of the 4 0 -position of the flavonoids where substitutions at the 4 0 -position significantly altered both the ability of these compounds to interact with the AHR ligandbinding site and inhibit the actions of the agonist (Figure 7) . It has been postulated that this site contributes to formation of an external hydrogen bond between the flavone antagonist and the amino acid residues of the AHR (11). For example, while apigenin demonstrated excellent antagonistic activities ( Figures 1C and 2B ), chrysin which is structurally similar to apigenin, except that it lacks the 4 0 -OH group, inhibited TCDD-induced gene activation only at the highest dose used (i.e. 10 mM, Figure 1C ) and failed to inhibit BNF-induced formation of the AHR/ARNT/DNA-binding complex (Data not shown). In addition, while kaempferol demonstrated excellent antagonistic activities in all of the analyses performed herein, galangin which is structurally similar except again lacks the 4 0 OH substituent failed to effectively inhibit TCDD-induced gene activation ( Figure 1C) .
In summary, we have demonstrated that kaempferol is effective in inhibiting CSC's induction of not only the AHR-signaling pathway, but also the growth of immortalized lung epithelial cells in soft agar. Thus, the data presented within the current study supports the idea that kaempferol and cultured for an additional 68 h. The cells were then harvested and aliquots (10,000 cells) were applied to soft agar plates. After a 3 week incubation, the cells were stained with a 0.005% crystal violet solution for 1 h. The stained cells were visualized (A) and counted (B and C) using an inverted phase contrast microscopy from four randomly selected fields. The data is representative of three independent experiments ± S.E. Ã , Significantly different from CSC-treated group (P < 0.001).
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Kaempferol inhibits AHR-signaling pathway may exert its chemopreventive properties, in part, via its AHR antagonistic actions and its subsequent inhibition of the metabolic activation of the chemical carcinogens present in cigarette smoke. 
